, respectively. FISH confirmed chromosomal gains at diagnosis (13 cases) and in relapse specific alpha satellite probes. However, the detection of sin- negative to a positive sample heralded relapse in one case.
The study presented here involved the following steps. (1) An interphase FISH assay was applied using two or three probes for the simultaneous detection of chromosomal gains, Introduction combined with a method for estimating the number of cells scanned. This enabled at least 10 4 cells to be scanned without Acute lymphoblastic leukemia (ALL) is a malignant disease in having to actually count the cells in every case. (2) The assay which 65% of children and 25% of adults achieve durable was tested by determining the effect of the number of probes remissions and may ultimately be cured.
1,2 Cytogenetic classiused on control values and sensitivity. (3) The above techfication identifies a subgroup of patients with high hyperdinique was applied for MRD detection in patients with ALL ploid clones (Ͼ50 chromosomes) in which the malignant cells and hyperdiploidy. have at least five supernumerary (or trisomic) chromosomes. 3 Providing neither the Philadelphia translocation nor t(4;11)(q21;q23) is present these patients, whether children or Materials and methods adults, have a better prognosis than those with any other chromosomal finding.
2,4,5 An unusual feature of some high Patients hyperdiploid clones is an apparent ability to remain dormant for many years. Relapse in this subgroup, which occurs in Bone marrow from patients with ALL found by metaphase approximately 25% of children and 35% of adults, tends to cytogenetics to have a high hyperdiploid (Ͼ50 chromosomes) be after the completion of treatment and even up to many clone at diagnosis (13 patients) or in relapse (three patients) years later. 6 Also indicative of the relative inactivity of these were identified either in our laboratory or by the Leukaemia clones is that second remissions, if they are achieved, tend to Research Fund United Kingdom Cancer Cytogenetic Group be longer than usual.
7 It was originally believed that the pres-(LRF/UKCCG) karyotype database in ALL. A total of 30 ence of any translocation would compromise the good progremission samples was obtained from these patients at periods nosis of high hyperdiploid patients but more recent studies ranging from 1 to 48 months after the initial sample. Control have not confirmed this.
5,8-10 Therefore there is, at present, no samples of peripheral blood were donated by three healthy way of identifying the patients in this subgroup who are desmales and three healthy females. tined to relapse.
It has been shown that failure to achieve clinical remission, 21 days from diagnosis, is associated with a poor prognosis Samples in childhood ALL.
11 It might therefore be expected that persistence of minimal residual disease (MRD), below the level of Diagnostic and relapse samples had been stored in fixative at −20°C following their preparation for cytogenetic examination. The metaphase and interphase nuclei were resuspended Control values for the detection of trisomy (or disomy in males) with a single probe were obtained for Norway) to obtain the mononuclear cell (MNC) layer. The concentration of cells was adjusted to approximately the X chromosome from peripheral blood samples from six healthy controls (three males and three females) and for each 1 × 10 6 /ml and cytospins were prepared by 400 r.p.m. centrifugation in a Cytocentrifuge (Shandon Scientific Ltd, Runcorn, of five autosomes from three peripheral blood samples (500 cells scored for each sample). Three blood samples were also UK). Cytospins were examined and the concentration of cells was adjusted to ensure an even distribution of cells which used for each probe pair used, ie X,18 and X,6 and for each triplet used X,4,6; X,4,10; X,4,17; X,4,18; X,6,17; X,6,18; and were neither overlapping nor too dispersed. Cytospins were either used immediately or wrapped in aluminium foil and X,17,18 (10 4 cells for each sample). Cells with three signals (or two for males using the X probe) for each probe used were stored at −20°C. Slides were fixed in 100% methanol prior to investigation by FISH.
recorded and expressed as a percentage of cells scored.
Sensitivity:
In order to determine the sensitivity of the Fluorescent in situ hybridization assay with regard to the number of probes used for the detection of chromosomal gains, the following dilution experiment Alpha satellite probes to the centromeric regions of chromowas performed. Leukemic marrow with the clonal karyotype somes X, 4, 6, 10, 17 and 18 were obtained from Oncor 55,XY,+X,+6,+18,+21,inc was hybridized with probes to chro-(Gaithersburg, MD, USA). Probes labelled with digoxigenin mosome X singly, to chromosomes X and 6 as a pair and to (dig) were detected with rhodamine labelled anti-digoxigenin chromosomes X,6 and 18 as a triplet. Each hybridization antibodies (red). Biotin (bio) labelled probes were detected yielded more than 85% cells with gains of one, two or three with fluorescein labelled avidin (FITC) (green). To obtain a signals, respectively. This marrow was mixed with peripheral third colour (yellow) dig and bio labelled probes were mixed blood mononuclear cells from one of the control samples to in a 1:1 ratio. The probes were prepared and detected followobtain the following dilutions (1:10, 1:100, 1:1000, 1:10 000). ing the manufacturer's instructions. Slides were stained with
The following probes were hybridized and cells scored for DAPI (Vector Laboratories, Burlingame, CA, USA) at a coneach diluted sample; X singly (500 cells); X,6 paired and centration of 80 ng/ml. Slides were scanned at × 100 with a X,6,18 as a triplet (10 4 cells). Zeiss Axioskop (Oberkochen, Germany) and each cell with three signals from each of the probes used or two signals for the X probe in males was scored. Images were taken with Results Zeiss Axioskop coupled with a CCD camera and with software from Digital Scientific, Cambridge, UK.
Cell number estimation 
Cell number estimation
The method involved being able to score large numbers of cells. In order to avoid having to make repeated counts the number of cells on a slide was extrapolated from representative fields of view. Cytospins were chosen because these give an even distribution of cells and the area of the cytospin is defined. It was assumed that the density of cells within a cytospin was constant and the number of cells per cytospin was calculated from the formula N = n(D/d) 2 where N = the number of cells in a cytospin; n = the average number of cells from 10 fields of view using a × 100 objective; D = the diameter of the cytospin and d = the diameter of the field of view. The accuracy of the method of estimation was tested for 20 cytospins by counting the number of cells present and comparing the actual number of cells with that estimated. An average achieve a yield of 10 4 cells. pre-B (two cases). None of the patients had Down syndrome. The chromosomal gains detected cytogenetically and subfirming the reliability of estimating the number of cells in a sequently used for FISH in the MRD study were confirmed cytospin from 10 representative fields of view.
using dual probes (cases 2 and 10) or triple probes (cases 1, 3-9, 11-16). 
Sensitivity:
The results of the serial dilution tests using probes X singly, X,6 in pairs and X,6,18 as a triplet are shown in Figure 2 . The number of cells with extra hybridization signals was significantly above control values down to a dilution of 10 −1 using a single probe and down to 10 −3 using a pair of
Figure 2
The results of FISH following serial dilutions of control cells with bone marrow with Ͼ85% hyperdiploid cells are shown for probes to chromosome X alone, X+6 together and X+6+18 as a triplet. The percentage of positive cells was significantly above control values Figure 3 The results of FISH in case 6 (female) using chromosomespecific centromeric probes at diagnosis on metaphase and interphase using one probe at 10 . allo BMT, allogeneic bone marrow transplant; CNS R, central nervous system relapse; R, bone marrow relapse; figures above boxes, months from initial investigation; ୴, alive and well.
samples, one BM sample during CNS relapse and two in BM relapse were received. The results of FISH on follow-up samples are shown in Figure 4 .
The results were considered to be significant when the percentage of positive cells exceeded M + 2 s.d. of control values ie Ͼ0% for triple probing, Ͼ0.01% for the X,6 pair and Ͼ0.02% for the X,18 pair (see controls). For most samples a sensitivity of 10 −4 was achieved following triplet probing (see sensitivity). Exceptions were samples from cases 2 and 10 to which only paired probes were applied (sensitivity of 10
−3
). During remission, at these levels of sensitivity, a small percentage of hyperdiploid cells was detected in at least one sample in eight out of 16 patients tested. The percentage of trisomic cells detected ranged from 0.01 to 0.06%. Positive samples in first remission were more frequent during the first 7 months from diagnosis (7/12 positive) than later on (10-24 months from diagnosis 3/11 positive). Only one of the five samples taken at the end of treatment or later showed cells with additional signals to the probes used. This patient, case 11, had 0.06% clonal cells at the end of treatment. It was of interest that this patient relapsed 6 months later. Serial samples (available in eight cases) showed a tendency for the clone to diminish or disappear with time. Exceptions were case 11, who subsequently relapsed as described above and case 6, in whom 0.01% of clonal cells were detected 18 months from diagnosis following previous serial negative samples. This patient remained well 30 months later. In eight patients the clone was apparently eliminated by chemotherapy and in another by bone marrow transplantation.
Examples of interphase cells at diagnosis and in remission, probed with the triplet X,17,18 are compared in Figure 5 . There was no difference in age, sex, or initial WBCs (Ͼ or Ͻ10 × 10 9 /l) between patients with positive and negative samples.
FISH in subsequent relapse:
Three patients were investi- in 10% of cells. Case 11, in BM relapse 30 months from diagnosis was found to have the gains described at diagnosis in 3/50 metaphases investigated by cytogenetics and FISH low level of sensitivity achieved with single probing is not surprising considering that our control values for alpha cenrevealed 14% of clonal cells. Interestingly enough, this patient had a positive remission sample as the only one out of three tromeric probes applied singly were above 1% (between 1.4 and 2.0%). This is similar to that reported by some others patients investigated at the end of treatment.
(range 2-4%). [15] [16] [17] [18] [19] Had control values been below 1%, as reported by two investigators, 14,20 we would have expected our sensitivity experiment, using a single probe, to have Conclusions and discussion enabled detection of one aberrant cell in 100. A notable feature of our study was the extremely low level We present a study of patients with ALL who had a high hyperdiploid clone at diagnosis or in relapse, in whom minimal of clonal cells detected in remission samples. These were well below the level of detection which, in our study, could be residual disease was investigated using interphase FISH. Probes used were to chromosomes known to have been present achieved with a single probe. In contrast, two other studies of MRD in ALL using single probe FISH have reported persistas trisomies in active disease.
Our study shows for the first time the benefit of targetting ence of hyperdiploid clones in first remission in 4/12 and 4/20 samples investigated. 13, 14 It is worth emphasizing that while two or three chromsomal gains simultaneously. This has resulted in reducing control values by 100 and 1000-fold, the interpretation of single probe studies is complicated by relatively high control values, our study shows that this is not respectively. Furthermore we have established the level of sensitivity of the technique by means of a dilution experiment. a problem if our approach is used. All these studies have been small, and follow-up has been short. Differences between This showed that the detection of a single gain was limited to one aberrant cell in 10, while the dual or triple detection studies may be due to chance. FISH for the detection of MRD in hyperdiploid ALL showed heterogeneity between patients would detect one cell in 1000 and 10 000, respectively. The
